Studies on hypoxia-sensitive pathways have revealed a series of Fe(II)-dependent dioxygenases that regulate hypoxia-inducible factor (HIF) by prolyl and asparaginyl hydroxylation. The recognition of these unprecedented signaling processes has led to a search for other substrates of the HIF hydroxylases. Here we show that the human HIF asparaginyl hydroxylase, factor inhibiting HIF (FIH), also efficiently hydroxylates specific asparaginyl (Asn)-residues within proteins of the IB family. After the identification of a series of ankyrin repeat domain (ARD)-containing proteins in a screen for proteins interacting with FIH, the ARDs of p105 (NFKB1) and IB␣ were shown to be efficiently hydroxylated by FIH at specific Asn residues in the hairpin loops linking particular ankyrin repeats. The target Asn residue is highly conserved as part of the ankyrin consensus, and peptides derived from a diverse range of ARDcontaining proteins supported FIH enzyme activity. These findings demonstrate that this type of protein hydroxylation is not restricted to HIF and strongly suggest that FIH-dependent ARD hydroxylation is a common occurrence, potentially providing an oxygen-sensitive signal to a diverse range of processes.
C ells react to variation in oxygen availability with adaptive responses that involve changes in most basic cellular functions. Analysis of the transcriptional component of this response has defined pathways that regulate hypoxia-inducible factor (HIF) by posttranslational hydroxylation of specific residues. HIF is an ␣͞␤ heterodimer that binds hypoxia response elements in a range of hypoxia-inducible genes (for review, see ref. 1) . Regulation is mediated by the ␣-subunits and involves dual mechanisms controlling both the abundance and activity of the protein. Thus, hydroxylation of specific prolyl residues promotes interaction with the von Hippel-Lindau E3 ligase and hence proteolysis, whereas hydroxylation of a C-terminal Asn residue blocks recruitment of the coactivators p300͞CBP. The prolyl and asparaginyl hydroxylase enzymes that catalyze these reactions are 2-oxoglutarate (2-OG) and Fe(II)-dependent dioxygenases that couple the oxidative decarboxylation of 2-OG with oxidation of peptidyl substrates. Dioxygen is an obligate cosubstrate, and reductions in the rate of hydroxylation during hypoxia allow HIF-␣ to escape VHLmediated destruction and to activate transcription (for reviews, see refs. 2 and 3).
HIF prolyl hydroxylation is catalyzed by three enzymes, PHD1, -2, and -3 (equivalent to EGLN2, -1, and -3 and HPH-3, -2, and -1). HIF Asn hydroxylation is catalyzed by a more distantly related 2-OG-dependent dioxygenase, factor inhibiting HIF (FIH) (for reviews, see refs. 2 and 3). A key question raised by these findings is whether the roles of all four dioxygenases are specific to HIF regulation, or whether one or more have alternative substrates. Several studies have identified proteins that interact to modulate HIF hydroxylase activity (4) or to direct other functions (5) , but none have been demonstrated to be hydroxylase substrates.
We identified a series of ankyrin repeat domain (ARD)-containing proteins including the NF-B precursor, p105 (NFKB1), in screens for proteins that interact with FIH. Using in vitro assays of FIH activity and mass spectrometric analysis of transfected and native IB proteins in vivo, we show that both p105 and IB␣ are hydroxylated by FIH at specific residues within their ARDs. The target Asn residues are highly conserved within the ankyrin consensus sequence (6) , and peptides from a range of non-IB ARDcontaining proteins supported hydroxylation as efficiently as, or more efficiently than, the known site of FIH-dependent hydroxylation in HIF-␣. These findings strongly suggest that FIHdependent ARD hydroxylation is common, and that the prevalence of intracellular hydroxylation has previously been underestimated.
Results
FIH was first identified in a yeast two-hybrid (Y2H) screen for HIF-1␣-interacting proteins (7), indicating that FIH enzymesubstrate interactions can be detected with this methodology. To investigate the possible existence of alternative FIH substrates, a human umbilical vein endothelial cell (HUVEC) and a human testis cDNA library were screened by Y2H by using FIH as bait. From the HUVEC library, 115 positive clones representing nine independent proteins (including HIF-1␣) were obtained. Two proteins containing ARDs were isolated: p105 and uveal autoantigen with coiled-coil domains and ankyrin repeats (UACA). From the testis library, three proteins were identified, one of which corresponded to the ARD-containing protein FEM1␤. To validate the Y2H interactions, the ability of cell lysate-derived FIH to interact with 35 S-labeled candidate polypeptides synthesized in reticulocyte lysate was tested. The ARD-containing polypeptides corresponding to the p105, UACA, and FEM1␤ clones all interacted with FIH, whereas other polypeptides from the screen did not.
p105 is the precursor of the p50 component of NF-B and through its ARD can function as an NF-B inhibitor (8) . Given the biological importance of NF-B regulation and its reported links with oxygen-dependent signaling (9, 10), p105 was chosen for further analysis. Full-length p105 was demonstrated to interact with FIH in vitro, although less efficiently than the isolated ARD (542-803). Deletional analysis identified residues 650-684 as critical for the FIH interaction (Fig. 1A) . Within this region, a potential substrate motif was identified by comparison with the known FIH-mediated hydroxylation site in HIF-1␣ and sequences in UACA and FEM1␤ (Fig. 1B) . Further analyses using the full-length proteins expressed in 293T cells confirmed the importance of the core Asn residue (Asn-678) for interaction with FIH (Fig. 1C) . Interestingly, addition of dimethyloxalylglycine (DMOG), a cellpenetrating precursor of an inhibitor of FIH, enhanced the interaction between FIH and p105, consistent with p105 being an FIH substrate. Interaction between endogenous p105 and FIH was confirmed by coimmunoprecipitation of the proteins from HeLa cell extract (Fig. 1D) .
Based on these data, we postulated that p105 was an FIH substrate. To investigate this, a GST-p105 ARD fusion protein was tested for ability to promote 2-OG decarboxylation in an assay of FIH activity. GST-p105 ARD promoted 2-OG decarboxylation to a level that was comparable to, or greater than, the known HIF-1␣ substrate. In keeping with the interaction studies, mutation of p105 Asn-678 reduced 2-OG decarboxylation to background levels ( Fig.  2A) , implying that Asn-678 was a bona fide, and probably the only, site of FIH-dependent hydroxylation.
We next sought to determine whether the ability to support FIH activity was unique to the p105 ARD or whether it was also a property of other ARD-containing IB proteins. Sequence analysis indicated potential hydroxylation motifs in some family members (e.g., IB␣) but not others (e.g., IB␤). Accordingly, these proteins were produced as N-terminal GST fusions, cleaved to generate untagged full-length proteins, and tested in decarboxylation assays. Full-length IB␣, but not IB␤, supported 2-OG decarboxylation, with the activity being at least 2-fold greater for IB␣ than p105 ARD (Fig. 2B) , implying that IB␣ might contain more than one site of hydroxylation. Indeed, mutation of Asn-210, the candidate hydroxylation site best aligning with that of p105, reduced but did not ablate activity (data not shown).
To define the sites of hydroxylation directly, IB␣ was reacted with FIH and analyzed by liquid chromatography͞mass spectrometry (LC͞MS). Incubation with FIH resulted in the appearance of two peaks corresponding to mass shifts of ϩ16 (30-40%) and ϩ32 Da (60-70%) relative to the unreacted IB␣, implying two hydroxylation sites (Fig. 6 , which is published as supporting information on the PNAS web site). MS͞MS analysis demonstrated hydroxylation of Asn-244 (data not shown). A ϩ16-Da mass shift was also observed on the 41-residue peptide containing the second putative site of hydroxylation, Asn-210, although because of its size assignment of the site by MS͞MS, was not possible. To facilitate MS͞MS analysis of Asn-210, an additional trypsin cleavage (E200K) site was introduced. The E200K IB␣ protein promoted similar levels of 2-OG decarboxylation to wild-type protein, and MS͞MS analysis confirmed hydroxylation of Asn-210 (Fig. 7 , which is published as supporting information on the PNAS web site). A higher level of hydroxylation was observed at Asn-244 (Ͼ95%) than at Asn-210 (Ϸ60%). Interaction between endogenous IB␣ and FIH was verified by coimmunoprecipitation ( Fig. 8 , which is published as supporting information on the PNAS web site). Taken together, these results indicate that interactions with FIH extend from p105 to other members of the IB family, and that individual proteins may be modified at more than one site.
To determine whether p105 and IB␣ are in vivo substrates of endogenous FIH, full-length proteins bearing modified tryptic cleavage sites to facilitate MS͞MS analysis of Asn-210 in IB␣ and Asn-678 in p105 (see Experimental Procedures) were expressed in 293T cells, purified, and analyzed by MS. LC͞MS and MS͞MS analysis demonstrated hydroxylation at each of the three Asn residues identified by the in vitro studies ( Fig. 3 A and B for p105 Asn-678; Fig. 3C and Fig. 9 , which is published as supporting information on the PNAS web site, for IB␣ Asn-244; Asn-210 data not shown). Under the conditions of these experiments, hydroxylation was incomplete. For IB␣, the level of hydroxylation at Asn-244 was consistently greater (25-45%) than that at Asn-210 (10-20%), correlating with the in vitro data. Hydroxylation was repressed by treatment of cells with hypoxia ( Fig. 10 , which is published as supporting information on the PNAS web site) and DMOG (data not shown) and clearly dependent on FIH activity, being almost totally ablated by FIH siRNA and enhanced to essentially 100% by FIH overexpression (Fig. 3C ).
In the case of HIF-␣, FIH-dependent hydroxylation of a single Asn residue is proposed to ablate the interaction of the HIF-␣ C-terminal activation domain with the coactivators p300͞CBP (11, 12) . One of the best-understood functions of the IB ARD is to mediate repressive interactions with NF-B Rel homology domain proteins such as p65 and p50 that are involved in DNA binding and activation of NF-B transcription (8) . This function is most clearly defined in IB␣, which lacks the additional function of p105 as the precursor of p50. We therefore focused analyses on IB␣ to determine whether ARD hydroxylation affects inhibition of NF-B DNA binding. Interestingly, mutation of both target Asn residues to alanine almost completely ablated the ability of IB␣ protein to inhibit NF-B DNA-binding activity (Fig. 11 , which is published as supporting information on the PNAS web site). However, further studies using recombinant IB␣ exposed to either wild type or the catalytically inactive FIH mutant D201A, and demonstrated to be either fully hydroxylated or unhydroxylated by MS, indicated that hydroxylation at these sites did not ablate the inhibitory activity of IB␣ on NF-B DNA binding. Rather, a small enhancement of inhibitory activity was observed with IB␣ that had been exposed to wild type as opposed to the D201A mutant FIH. This effect was seen on NF-B DNA-binding activity derived from both TNF-␣-induced HeLa cells (Fig. 4A) and unprogrammed reticulocyte lysate (data not shown). To pursue this further, we tested for effects of IB␣ hydroxylation on interactions with p65 and p50 protein produced by in vitro transcription and translation (IVTT). No effect of FIH treatment on the ability of recombinant IB␣ to interact with p65 was observed. However, treatment with wild type but not the FIH D201A mutant apparently enhanced interaction with p50, irrespective of the presence or absence of p65 in the complex (Fig. 4B) .
To address the potential role of ARD hydroxylation in NF-B regulation in vivo, we next looked for alterations in IB͞NF-B complex formation in cells subjected to suppression of FIH by siRNA or up-regulation by transfection, using conditions similar to those that were used to define changes in p105 and IB␣ hydroxylation in vivo (Fig. 3C) . Because ARD hydroxylation might be irreversible, we considered that the effects of genetic manipulation of FIH on endogenous complexes might be confounded by preexisting hydroxylation and might be more clearly manifest on newly synthesized proteins. Therefore, we studied cells under basal conditions and during activation and recovery from TNF-␣ stimulation. In immunoprecipitation experiments using antibodies directed against IB␣ or the C terminus of p105, we observed no effect of FIH manipulation on capture of p50 or p65 in whole-cell extracts at any stage in the experiments ( Fig. 4C for IB␣ ; p105 data not shown). Furthermore, analysis of nuclear extracts revealed no substantial FIH-dependent changes in levels of nuclear p50 or p65 (data not shown). Based on the in vitro data, it might be predicted that FIH siRNA treatment in the steady state and during TNF-␣ recovery would manifest as an increase in NF-B DNA binding. However, no change and, if anything, a slight reduction in NF-B DNA binding was observed (Fig. 4D) . Because in vitro experiments had suggested an effect of FIH on ARD interactions with p50 but not p65, we considered whether the relatively high ratio of p65 to p50 might have obscured any effects. Experiments were therefore repeated using siRNA to suppress p65 levels and using transfection to enhance p50 levels. Manipulations of FIH levels in this setting resulted in no major effects on interactions of p50 with either IB␣ or p105, on nuclear abundance of the proteins, or on NF-B DNA-binding activity (data not shown). Finally, we tested for effects of siRNA-mediated suppression of FIH on NF-B activity after TNF-␣ stimulation using an NF-B transcriptional reporter. A modest reduction in activity was observed after siRNA suppression of FIH. Cotransfection of IB␣ reduced the absolute level of TNF-␣-induced reporter activity but did not appear to enhance the FIH-dependent effect (Fig. 4E) .
The inability to see major FIH-dependent effects on NF-B or on IB-ARD protein interactions in vivo led us to consider whether endogenous IB proteins might be protected from hydroxylation because of complex formation or other restrictions on FIH activity. We therefore sought to define hydroxylation status of an endogenous target site directly. To this end, Asn-244 in IB␣ was bestsuited, because the endogenous sequence was directly amenable to MS͞MS analysis after tryptic digestion. Accordingly, endogenous IB␣ was purified from large-scale cultures of U2OS, 293T (data not shown), and HeLa S3 cells and analyzed by LC͞MS. A peptide exhibiting chromatographic properties and a ϩ16-Da mass shift identical to that previously defined for hydroxylated Asn-244 was identified. MS͞MS analyses clearly assigned the site of hydroxylation as Asn-244 (Fig. 5) . The level of endogenous hydroxylation was suppressed by FIH inhibition with DMOG and varied between the cell lines tested, with protein from HeLa S3 cells having a lower level (between 5% and 20%) of hydroxylation than that observed in U2OS and 293T cells (Ϸ50%).
Because the ARD is a common interaction domain, we sought to determine whether FIH-mediated hydroxylation was likely to affect other ARD proteins. Sequence analysis identified a conserved Asn residue at the hydroxylated position as part of the consensus sequence for ARDs (6) . A set of peptides from ARD-containing proteins encompassing predicted sites of modification were compared with HIF-1␣, p105, and IB␣ ARD sites in assays of FIH-dependent 2-OG decarboxylation. All of the peptides, with the possible exception of ILK-1, were highly active (Table 1) , and all were shown to be hydroxylated on the conserved Asn residue by LC͞MS (for representative illustration of tankyrase-1 peptide, see Fig. 12 , which is published as supporting information on the PNAS web site) and MS͞MS analyses, suggesting that hydroxylation is likely a common modification of ARD proteins.
Discussion
The identification of a set of 2-OG and Fe(II)-dependent oxygenases that regulate cellular responses to hypoxia by posttranslational hydroxylation of HIF-␣ has raised a number of important issues. These include whether one or more of the HIF hydroxylases have other substrates, and how HIF signaling interfaces with other pathways. Here we have revealed alternative substrates for FIH as conserved Asn residues present within the ARDs of the IB proteins, p105 and IB␣. We identified three asparagines, two in IB␣ and one in p105, that were readily hydroxylated by FIH both in vitro and in vivo and confirmed hydroxylation of endogenous IB␣ at one asparagine that was amenable to MS͞MS analysis of the native protein. Based on the data for IB proteins, sequence alignments with other ARD-containing proteins, and assays on peptides derived from selected examples of these proteins, the results strongly suggest that hydroxylation will occur in many, although not all, ARD-containing proteins.
Subsequent to its identification in the yeast cell-cycle regulator Swi6͞Cdc10 and the Drosophila signaling protein Notch (13), the canonical ARD has been identified in all kingdoms of life; Ϸ9,000 sequences have been identified, with Ϸ450 from the human genome (SMART database; ref. 14) . The structure of a single 33-residue ankyrin repeat comprises a helix-loop-helix hairpin-loop fold with the helices arranged in an antiparallel fashion followed by an orthogonally related hairpin loop (6) . Sequence alignments revealed that the hydroxylated Asn residues in IB␣ and p105 occur in conserved positions in the hairpin loop that links individual repeats (Fig. 13 , which is published as supporting information on the PNAS web site).
Interestingly, we observed consistent differences in the extent of hydroxylation at different sites in IB␣, with Asn-244 more efficiently hydroxylated than Asn-210, both in vitro and in vivo. Given that FIH appears to be able to accept a range of ARD sequences and accepts HIF-␣ variants mutated in the positions surrounding the hydroxylated Asn residue (15), the difference in the level of hydroxylation at the two sites in IB␣ likely reflects the position of the individual ARDs in the overall protein rather than the sequences immediately surrounding the hydroxylated residue. Analysis of endogenous IB␣ hydroxylation at Asn-244 revealed that, although the extent of hydroxylation was substantial, it varied with cell type and was clearly incomplete even in well oxygenated cultures supplemented with Fe(II) and ascorbate to optimize FIH activity. That hydroxylation of native IB␣ is incomplete might suggest a role in signaling. However, despite considerable effort, we have so far been unable to define a major role, at least in regulating interactions with p65͞p50 or NF-B-dependent transcription under standard tissue culture conditions. Induction of NF-B signaling by hypoxia has been reported in certain systems (9, 10) , although the precise signaling mechanism is unclear. Although it could be argued that our in vitro studies demonstrating a slightly enhanced inhibitory action of hydroxylated IB␣ (that might be suppressed by hypoxia) provide a potential explanation, we do not think this is the case, particularly because siRNA-mediated suppression of FIH did not increase, and if anything reduced, NF-B activity.
At least six ARD proteins (p105, p100, Bcl3, IB␣, IB␤, and IB) are directly involved in the NF-B transcriptional response (8) . A number of other ARD proteins, such as p53BP2͞ASPP2 (16) and p16͞INK4 (17) , are known to complex with members of this family. The abundance of potential interactions with FIHdependent hydroxylation therefore complicates analysis, and it is possible that analysis in different settings or more accurate assessment of subtle effects on the output would clarify a role in NF-B signaling.
ARD-containing proteins are also known to function in a range of other cellular processes, including cell adhesion, cell-cycle regulation, cell-fate determination, telomere regulation, transcriptional regulation, and tumor suppression (for review, see ref. 18 ). It is therefore very possible that ARD hydroxylation has a more direct role in signal transduction within one or more signaling systems than have so far been indicated for NF-B. Interestingly, in a recent analysis of interactions between HIF and Notch signaling, transfected FIH was reported to down-regulate the activity of a Notch transcriptional reporter gene, although the mechanism was not defined (19) .
Alternatively, it is possible that Asn hydroxylation in the ARD proteins has primarily a structural role. Prolyl and lysyl hydroxylation has a well established structural role in extracellular proteins, for instance in the stabilization of collagen (for review, see ref. 20 ), but has not been described for intracellular proteins. Interestingly, coimmunoprecipitation studies more readily displayed association of endogenous FIH with IB-ARD proteins than with HIF-␣, suggesting an unusually tight association. Given the overall abundance of ARD proteins, their availability for FIH-mediated association and͞or hydroxylation might indirectly affect human HIF activity by limiting or regulating the binding of FIH to HIF-␣. Such stoichiometric competition could explain the paradox that overexpression of FIH is able to further suppress HIF target gene expression even in well oxygenated cells where endogenous FIH activity ought to be more than sufficient to maximally suppress HIF (21) .
Overall, our findings suggest that posttranslational protein hydroxylation of intracellular proteins is more widespread than previously appreciated and open several avenues for investigation. Given the range of proteins containing ankyrin repeats, across species from bacteria to humans, the demonstration of FIH-dependent hydroxylation of specific residues raises major issues concerning the extent of hydroxylation among different proteins, the nature of structural or signaling roles, and the potential for interaction with HIF signaling and for conferring oxygen sensitivity to a variety of biological processes.
Experimental Procedures
Transfection, siRNA, and Reagents. Plasmid DNA was transfected by using FuGENE 6 (Roche, Indianapolis, IN); siRNA duplexes were 2-OG decarboxylation assays illustrating the ability of peptides derived from different ARD proteins to act as FIH substrates. Activity is normalized to that of the HIF-1␣ peptide. Target Asn residues are in bold.
